Abstract An analysis of streamflow characteristics (i.e. mean annual and seasonal flows and extreme high and low flows) in current and future climates for 21 watersheds of north-east Canada covering mainly the province of Quebec is presented in this article. For the analysis, streamflows are derived from a 10-member ensemble of Canadian Regional Climate Model (CRCM) simulations, driven by the Canadian Global Climate Model simulations, of which five correspond to current 1970-1999 period, while the other five correspond to future 2041-2070 period. For developing projected changes of streamflow characteristics from current to future periods, two different approaches are used: one based on the concept of ensemble averaging while the other approach is based on merged samples of current and similarly future simulations following multiple comparison tests. Verification of the CRCM simulated streamflow characteristics for the 1970-1999 period suggests that the model simulated mean hydrographs and high flow characteristics compare well with those observed, while the model tends to underestimate low flow extremes. Results of projected changes to mean annual streamflow suggest statistically significant increases nearly all over the study domain, while those for seasonal streamflow show increases/decreases depending on the season. Two-and 5-year return levels of 15-day low flows are projected to increase significantly over most part of the study domain, though the changes are small in absolute terms. Based on the ensemble averaging approach, changes to 10-and 30-year return levels of high flows are not generally found significant. However, when a similar analysis is performed using longer samples, significant increases to high flow return levels are found mainly for northernmost watersheds. This study highlights the need for longer samples, particularly for extreme events in the development of robust projections.
Introduction
Reliable information about various streamflow characteristics in a changing climate is critical for planning of adaptation measures, particularly for energy and agriculture sectors. According to the Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC) (2007) , global mean precipitation and evaporation rates are projected to increase in future climate, or in other words an intensification of the global hydrological cycle is to be expected in future warmer climate. However, there will be important regional differences in changes to precipitation and evaporation. Held and Soden (2006) , based on their analysis of the coupled climate models that participated in the AR4, suggests that the poleward vapour transport and the pattern of evapotranspiration minus precipitation will increase proportionally to the lower-tropospheric vapour if the lower-tropospheric relative humidity and flow is assumed unchanged. In other words, the current wet (dry) regions, i.e. regions where precipitation (evaporation) exceeds evaporation (precipitation), will become wetter (drier) in a future climate. Northeastern Canada, the region considered in this study, has an excess of precipitation over evaporation, with mean annual precipitation of the order of 800 mm according to the 1980-2010 normals based on the Global Precipitation Climatology Centre (Rudolf et al. 2010) , and average annual evaporation of the order of 200 mm according to the 1980-2010 normals calculated using the European Centre for Medium-Range Weather Forecasts (ECMWF)'s ERA interim reanalysis data (Berrisford et al. 2009 ). According to the Global Climate Models (GCMs) participating in AR4 (IPCC 2007) , the mean annual precipitation rate for this region is projected to increase by 0.4-0.5 mm/day, while mean annual evaporation and runoff increase by 0.1-0.2 and 0.1-0.3 mm/day, respectively, in the future 2080-2099 period with respect to the 1980-1999 period. This northeastern part of Canada with its large number of hydroelectric power generation stations plays a very important role in the economy of the provinces located in the region, particularly the province of Quebec. Therefore, information on projected changes to various streamflow characteristics and associated uncertainties would be beneficial for better management of these mega-projects, including the ''Plan Nord'' recently initiated by the Government of Quebec (http://plannord.gouv.qc.ca).
The conventional approach to study projected changes to streamflow is based on hydrological models driven by climate model outputs for various scenarios. Few studies so far have looked at streamflow directly from climate models: GCMs and Regional Climate Models (RCMs). RCMs and GCMs, with their complete closed water budget including both the atmospheric and land surface branches, are ideal tools to understand better the linkages and feedback between climate and hydrological systems, and to evaluate the impact of climate change on streamflows. RCMs offer higher spatial resolution than GCMs, allowing for greater topographic complexity and finer-scale atmospheric dynamics to be simulated and thereby representing a more adequate tool for generating the information required for regional impact studies. In a number of recent studies, RCMs have been used to study projected changes to various components of the hydrological cycle including streamflows (Jha et al. 2004; Wood et al. 2004; Sushama et al. 2006; Kay et al. 2006a, b; Graham et al. 2007a, b; Dadson et al. 2011; Poitras et al. 2011) .
In this study, climate change impacts on selected streamflow characteristics for 21 northeast Canadian watersheds, located mainly in the Quebec province and some parts of the adjoining Ontario and Newfoundland and Labrador provinces of Canada, are considered. A tenmember ensemble of the Canadian RCM (CRCM), of which five correspond to current 1970-1999 period and the other five correspond to future 2041-2070 period, driven by five different members of a Canadian GCM (CGCM) initial condition ensemble is used for this purpose. RCM simulations in general are associated with several uncertainties including structural uncertainties associated with regional model formulation, uncertainties associated with the lateral boundary conditions from the driving GCM, emission scenarios, as well as the RCM's own internal variability. de-Elia et al. (2008) quantified some of these uncertainties using larger CRCM ensembles. Though it is very desirable to assess the various sources of uncertainties in streamflow projections as in Arnell (2011) and Kay et al. (2009) , given the nature of the ensemble used in this study, it is not possible to address or quantify all uncertainties since the simulations considered here have been performed with the same model and configuration for one SRES (Special Report on Emissions Scenario) scenario. However, it can be used to quantify uncertainty associated with the natural variability of the driving GCM and the internal variability of the RCM combined. For the northeast Canadian region considered in this work, no study has so far addressed projected changes to streamflow characteristics for all the 21 watersheds in a systematic way as presented in this study. Some studies focusing on individual watersheds in this northeast region of Canada such as Dibike and Coulibaly (2007) , Quilbé et al. (2008) , Minville et al. (2008 Minville et al. ( , 2009 , among others, based on hydrological models driven by temperature and precipitation data from climate models, are available. Recently Frigon et al. (2010) studied projected changes to mean annual runoff for the same region considered in this study and suggested increases in runoff in future climate for the northern part of the region. The main value of this work is in the detailed statistical analysis of mean annual, seasonal and extreme (low/high) flows and their associated uncertainties and timings of extreme flows, topics that were not covered by earlier studies for this area in the context of a changing climate.
The article is organized as follows: description of the CRCM and simulations are presented in Sect. 2 and methodology is presented in Sect. 3. Evaluation of the CRCM simulated streamflow and assessment of projected changes to selected but important streamflow characteristics using two approaches are presented in Sect. 4 followed by conclusions in Sect. 5.
Model and experiments
The streamflows considered in this study are simulated by the fourth generation of the CRCM (de-Elia and Cote 2010). The CRCM is a limited-area nested model based on the fully elastic non-hydrostatic Euler equations, solved with a semi-implicit and semi-Lagrangian scheme. Vertical resolution is variable with a Gal-Chen scaled-height terrain following coordinate (29 levels, with model top at 29 km) (Gal-Chen and Somerville 1975) . The CRCM lateral boundary conditions are provided through a one-way nesting method inspired by Davies (1976) and refined by Yakimiw and Robert (1990) . The subgrid-scale parameterization package is mostly based on the Canadian GCM Version III (CGCM3.1), except for the moist convective adjustment scheme that follows Bechtold-Kain-Fritsch's parameterization (Bechtold et al. 2001) . The land surface scheme is the Canadian LAnd Surface Scheme (CLASS), version 2.7 (Verseghy 1991 (Verseghy , 1996 . This version of CLASS uses three soil layers, 0.1, 0.25 and 3.75 m thick, corresponding approximately to the depth influenced by the diurnal cycle, the rooting zone and the annual variations of temperature, respectively. CLASS includes prognostic equations for energy and water conservation for the three soil layers and a thermally and hydrologically distinct snow pack where applicable (treated as a fourth variable-depth layer). The thermal budget is performed over the three soil layers, but the hydrological budget is done only for layers above the bedrock. Vegetation canopy in CLASS is treated explicitly with properties based on four vegetation types: coniferous trees, deciduous trees, crops and grass. Vegetation canopy can intercept rain and snow precipitation and has its own energy and water treatment with prognostic variables for canopy temperature, water storage and mass. CLASS adopts a pseudo-mosaic approach and divides each grid-cell into a maximum of four sub-areas: bare soil, vegetation, snow over bare soil and snow with vegetation. The energy and water budget equations are first solved for each sub-area separately and then averaged over the gridcell.
As already mentioned, a 10-member CRCM ensemble is considered in this study. Of the 10 members, five correspond to current 1970-1999 period while the other five are the matching pairs of simulations for the future 2041-2070 period. Five different members of a CGCM initial condition ensemble were used to drive the five CRCM current and future simulations. It should be noted that the future climate simulations correspond to IPCC's SRES A2 scenario (high population, low economy and low technology) and current climate simulations correspond to the twentieth-century climate (20C3M) scenario. The above current and future CRCM simulations will be referred to as C1-C5 and F1-F5, respectively. In addition, another CRCM simulation driven by the ECMWF's Re-Analysis (ERA40; Uppala et al. 2005 ) is also considered. This simulation will be referred to as 'control simulation' hereafter. As suggested by IPCC (2001) , the study of RCM simulations nested by analysis of observations or so-called 'perfect' boundary conditions such as ERA40 can reveal RCM 'performance errors'. Therefore, the streamflows from the control simulation are compared to those observed to assess the CRCM's performance. The inset of Fig. 1 shows the CRCM simulation domain, which consists of a 200 9 192 points grid covering whole of North America and adjoining oceans, with a horizontal grid-point spacing of 45 km. It should be noted that the current study focuses only on the 21 watersheds located in the north-east part of the simulation domain (Fig. 1) .
Streamflow is generated from CRCM simulated runoff using a modified version of the routing model WATRO-UTE (Soulis et al. 2000) . The routing scheme solves the water balance equation at each grid-cell, and relates the water storage to outflow from the grid-cell, using Manning's equation. The modified scheme includes a groundwater reservoir, which is modelled as a linear reservoir as proposed in Lucas-Picher et al. (2003) and Sushama et al. (2004) . Flow directions, channel lengths and slopes required by the routing scheme were derived from the HydroSHEDS database (Lehner et al. 2008 ), available at 30-second resolution on a latitude-longitude grid. This data was up-scaled and projected to the model's grid and resolution. The up-scaling algorithm is based on the one developed by Döll and Lehner (2002) . The flow directions thus derived are also shown in Fig. 1 .
Methodology
Verification of CRCM-simulated mean hydrological regime and characteristics of extreme flow events, i.e. timing and return levels of selected return periods, and their projected changes in future climate are considered in this study. For verification purposes, model-simulated streamflow characteristics from the control simulation are compared to those observed, derived from the daily streamflow dataset from CEHQ (Centre d'expertise hydrique du Québec; http://www.cehq.gouv.qc.ca/) at selected gauging stations. The location of the gauging stations considered in the study is shown in Fig. 1b . The duration of the data available at these gauging stations, within the period of interest, i.e. 1970-1999, varies from 10 to 20 years. Nash-Sutcliffe (ns) index (Nash and Sutcliffe 1970) and correlation coefficient (r) (Walpole and Myers 1985) are used to compare the observed and modelled daily mean hydrographs at these stations. In addition, biases in the timing and magnitude of peak flows are explored and connections established with those in temperature and snow water equivalent (SWE) where applicable.
The Generalized Extreme Value (GEV) distribution is used to compute return levels of extreme (high and low) flow events. A high (low) flow event is defined as the maximum (minimum) 1-day (15-day) flow occurring over the March to July (January to May) period. Ten-and 30-year return periods are considered for high flows, while 2-and 5-year return periods are considered for low flows. The choice of smaller return periods for low flows is based on the fact that a hydrological drought of 2-year return period is catastrophic enough to have an adverse impact not only on the hydropower sector, but also on the ecosystem, particularly the aquatic life (Smakhtin 2001). The cumulative distribution function of the GEV distribution is given by:
where the extreme flow z is such that 1 þ nðz À lÞ=r [ 0, and l; r and n are respectively the location, scale and shape parameters. Full range of properties and some common applications of the GEV distribution are described in Coles (2001) . There are several methods that are often used for parameter estimation of this distribution: Probability Weighted Moments (PWM) (Hosking et al. 1985) , L-moments (Hosking 1990) , Maximum Likelihood (ML), Generalized Maximum Likelihood (GML) (Martins and Stedinger 2000) and mixed methods (Ailliot et al. 2011) .
One of the advantages of the GML and ML is that the fitted data automatically belongs to the domain of definition of the obtained probability density function, which is not (Table 1) . Simulation domain of the CRCM is shown in the inset. b Location of the gauging stations (red triangles) used in the evaluation of CRCM simulated streamflow characteristics. Station identification numbers assigned by CEHQ are also shown guaranteed by other methods. However, the ML method performs poorly for small samples (Stedinger et al. 1993) . In order to estimate parameters l; r and n of the GEV distribution, the GML approach proposed by Martins and Stedinger (2000) , but using a uniform prior distribution for the shape parameter n as in Ailliot et al. (2011) is used. Knowing the parameters of the GEV distribution, low-flow return level for a given return period T (in years) is estimated using the relationship GðzÞT ¼ 1, as zðT; l; r; nÞ ¼ ðr=nÞ½ðln
For high flows, a return level is estimated using the relationship ½1 À GðzÞT ¼ 1, as zðT; l; r; nÞ ¼ ðr=nÞ ln
Projected changes to mean annual, seasonal and extreme flows are assessed for the 2041-2070 period with respect to the current 1970-1999 period. This is achieved by comparing statistics of interest derived from the F1-F5 simulations with the corresponding statistics derived from the C1-C5 simulations. Projected changes to seasonal streamflows are linked with projected changes in seasonal temperature, precipitation and SWE, where possible. In the assessment of projected changes to mean, seasonal and extreme flows, two approaches are adopted. In the first approach, projected changes based on each pair of the five CRCM current and future simulations are estimated, which are then averaged to obtain the ensemble-averaged projected change. In the second approach, based on the statistical evidence provided by the multiple comparison tests, i.e. the Kruskal-Wallis test (Walpole and Myers 1985) and ranksum test (Walpole and Myers 1985) combined with the False Discovery Rate (FDR) approach of Benjamini and Hochberg (1995) , the five simulations for the current climate are merged to create a longer sample for each grid-cell. The same procedure is followed for the future climate. The projected changes are then assessed from the merged current and future period longer samples. Similar approaches have been used in May (2008) to assess projected changes to extreme precipitation events and characteristics of wet and dry spells over Europe. The advantage of this second approach over the first one is reduced uncertainty associated with extreme flow return levels due to larger sample size. Uncertainties due to smaller sample sizes could be substantial for extreme flow return levels (Stedinger et al. 1993) .
Statistical significance of projected changes to mean annual and seasonal flows and selected return levels of extreme (high and low) flows are assessed using the nonparametric vector bootstrap resampling method (Efron and Tibshirani 1993; GREHYS 1996; Khaliq et al. 2009 ) to estimate standard errors and assuming normality of these statistics to develop confidence intervals (Hall et al. 2004; Mladjic et al. 2011) , as discussed below. For a given sample of flows at a grid-cell, the 95 % confidence interval for a statistic (i.e. mean annual and seasonal flow or a return level) is calculated as: R0 ± 1.96SE, where R0 is the sample statistic and SE is the standard error of the statistic estimated using 1,000 bootstrap resamples. Such confidence intervals for selected return levels and mean annual and seasonal flows are calculated for each gridpoint for both future and current climates. The statistical significance of the difference between the future and current period values is assessed using these confidence intervals. The change (positive/negative) is considered significant if, for a given case, these confidence intervals do not overlap. The Student's t test (Walpole and Myers 1985) is also used to test the statistical significance of the difference between the current and future period mean annual and seasonal flows. For the case of ensemble averaged statistics, ensemble averaged standard errors are used to develop confidence intervals.
Confidence in the CRCM projections is assessed on the basis of the spread of projected changes obtained with the five pairs of current/future simulations, represented here by the coefficient of variation (CV), defined as the ratio of the standard deviation to the ensemble-mean change based on the five pairs of CRCM simulations. Small (large) values of CV are suggestive of high (low) confidence level in the CRCM projections. Given the nature of the CRCM ensemble, the spread in the CRCM projected changes computed as discussed above will reflect the part of the uncertainty associated with the natural variability of the CGCM3.1 and CRCM's own internal variability.
Results

Model verification
The observed and modelled hydrographs (mean daily streamflows) are compared at selected stations in Fig. 2 . Modelled hydrographs are derived from the CRCM's control simulation. For some basins, important differences can be noted both in the magnitude and timing of peak flows, which are reflected in the ns and r values shown in Fig. 2 . These differences can be partly explained by the biases associated with the temperature and precipitation and therefore in the SWE in the CRCM control simulation (Fig. 3) . The biases in the winter (DJF) SWE are estimated by comparing climatologic winter SWE from CRCM's control simulation with that from the gridded North American SWE data from Brown et al. (2003) . The observational dataset (Brown et al. 2003) was produced by applying the snow depth analysis scheme developed by Brasnett (1999) to generate a 0.3°latitude/ longitude grid of daily and monthly mean snow depth and corresponding estimated water equivalent for North America. This observational dataset was produced for the 1979-1997 period and therefore Fig. 3a presents validation of climatologic SWE for the 1979-1997 DJF period, common to both simulated and observed datasets. The spring (MAM) temperature biases presented in Fig. 3b For the northernmost gauging stations 103715 and 093801, magnitude of peak flows is overestimated, while they are reasonably well simulated for stations 104001 and 093806. Careful examination of the biases in SWE ( Fig. 3a; see Fig. 1a for flow directions) suggests that the overestimation of peak magnitudes for the two stations is associated with the positive biases in SWE for the region upstream of the stations. However, for the gauging stations located in the central to southern watersheds, i.e. 092715, 081006 and 061502, an underestimation of peak magnitudes is noted. This is due to the underestimation of SWE for the regions upstream of these stations, which contribute to the streamflows at the stations (Fig. 3a) . In general, for all basins, the simulated peaks occur earlier than observed, and is believed to be due to the positive temperature bias (Fig. 3b) during spring (MAM). It should be noted though that the model underestimates temperature for the other seasons (figure not shown). Characteristics of low and high flows are also validated by performing a comparison between modelled return levels and those obtained from observations. As reported in Sushama et al. (2006) and Khaliq et al. (2008) , low-flow events can occur in late winter or early spring due to prolonged cold periods, or can occur in late fall mainly associated with increased evapotranspiration. The low-flow events considered in this study are for the January-May period, i.e. those associated with longer cold periods, while the high-flow events considered are for the March-July snowmelt dominated period.
Comparison of observed and modelled return levels (Fig. 4) at the same gauging stations shown in Fig. 1 suggests that the model is able to capture the high flow magnitudes reasonably well. However, the errors associated with the low flows are large, particularly for the northern watersheds. This is primarily due to the coarse resolution of the soil dataset and therefore values of depth to bedrock used in the model and the drainage formulation used in the model. For the northernmost watersheds, depth to bedrock is mostly 0.1 m, i.e. only the top 0.1 m of the soil column is hydrologically active. Besides, according to the drainage formulation used in CLASS, the depth to bedrock must be deeper than 0.35 m to have any drainage. Therefore in winter months, for these regions with depth to bedrock in the 0.1-0.35 m range, drainage is zero in the model and therefore the ground water contribution is very much reduced. A new formulation for drainage is currently being implemented in the new version of CRCM, which may help eliminate some of these discrepancies. The underestimation of low flows, particularly for the northern watersheds, can also be partly attributed to the overestimation of snow and the underestimation of total precipitation at the end of fall, which both tend to decrease the winter flow. In the absence of an alternative, we will henceforth assume that the errors in low flows related to the soil dataset and drainage formulation will remain the same in the future climate, and therefore will not affect the climate-change signal.
Projected changes based on ensemble averaging approach
Mean annual and seasonal flows
Ensemble averaged projected changes to the mean annual streamflow for the future 2041-2070 period, with respect to the current 1970-1999 period, are shown in Fig. 5a . Statistical significance of the projected changes, at the 5 % significance level, is assessed using the vector bootstrapbased test discussed in the methodology section. The mean annual flow is projected to increase from current to future and the changes are statistically significant for majority of the watersheds, except the RDO, BEL, STM, southern parts of WAS and SAG, and some parts of NAT, ROM, MOI and BOM watersheds. The magnitude of percentage changes to mean annual flows is larger for northern compared to other watersheds. The ensemble-averaged projected changes to the seasonal (DJF, MAM, JJA, and SON) flows are shown in Figs. 5b-e. From the seasonal plots, the changes for the northern part of the domain are consistently positive throughout the year, except for some non-significant decreases in summer (JJA). For the southern regions, however, increases can be noted during the winter (DJF) and spring (MAM) seasons, while decreasing streamflows are projected for the summer (JJA) and fall (SON) seasons, resulting in the non-significant or smaller projected changes to mean annual streamflow for this region. Furthermore, t test is also applied to individual pairs of current and future period simulations and the p values of the t test also suggest significant changes for most of the studied watersheds during winter, while for the other seasons, regions with non-significant changes were noted (figure not shown), as is the case for the ensemble averaged changes shown in Fig. 5b -e. The above noted projected changes in seasonal streamflows are associated with changes in temperature and precipitation and therefore SWE, which are shown in Figs. 6 and 7, for various seasons. The vector bootstrap-based test, discussed earlier, has been used to assess significance of projected changes, at 5 % significance level, for temperature, precipitation and SWE shown in Figs. 6 and 7. Figure 6 suggests that the ensemble averaged projected increases in temperature are significant for all watersheds, for all seasons. Projected changes to temperature are maximum for winter, and are generally in the 3.5-6°C, for the entire studied region. The ensemble averaged projected changes to precipitation (Fig. 7a-d ) suggest significant increases almost everywhere for winter and spring, while the changes are not significant for the southern watersheds during summer and fall.
The significant increase in winter streamflows (Fig. 5b ) discussed earlier can be partly attributed to the significant increase in temperature during fall and winter, which delays the freezing of soil, thus increasing drainage in the central to southern watersheds where the depth to bedrock is deeper than 0.35 m. In addition, significant increase in precipitation and increased fraction of winter precipitation falling as rain instead of snow, due to warmer temperatures, also contribute to increased streamflows during the winter period. The spring flows for all studied watersheds, as already discussed, are related to snowmelt. As can be seen from Fig. 7e , majority of the watersheds show no significant changes to SWE during DJF. However, the increased temperatures during MAM (Fig. 6b) cause earlier snowmelt, which is responsible for the noted significant increase in spring streamflows.
During summer, though precipitation increases are significant for the northern regions (Fig. 7c) , streamflows show no significant changes due to increased evaporation associated with warmer temperatures in summer (Fig. 6c) . The northern regions show some increases in streamflows during fall, which could be attributed to the increased precipitation and temperature in future climate; it should be noted that since the soil in the northernmost regions, in current climate, start freezing up in late fall, the warmer temperatures in future climate delay this, leading to increased streamflows.
High-and low-flow extremes
Prior to looking at projected changes to return levels of high and low flows, it is useful to see if the selected periods (i.e. March-July for high flows and January-May for low flows) would be suitable for future climate as well. Figures 8 and 9 show ensemble averaged annual frequency of occurrence of high and low flow events, respectively, for current and future climates, for northern, central and southern watersheds. The frequencies are normalized by the number of years (30 in the present case) and the number of grid cells in a given watershed. High flows from snowmelt mostly occur during the March to July period as expected (Fig. 8) -high flows associated with the majority of the southern watersheds occur as early as April, while for northern watersheds they occur somewhere between May and June. From the insets of Fig. 8 , one can see that the high flow events occur earlier in future climate for most of the watersheds, with the high flows still concentrated over the March-July period. Therefore, the choice of the Fig. 4 Scatter plots of selected observed and modelled a high and b low flow return levels (in m March-July period to study high-flows is satisfactory for both current and future climates.
From Fig. 9 , it can be seen that the low-flow events, in both current and future climates, caused by prolonged winter periods, occur during the January-May period, with low flows occurring earlier within this period for southern and central watersheds and towards the middle of the period for northern watersheds. Majority of the low-flow events occur at the end of winter or at the beginning of the spring season. For some southern watersheds, low-flow events are projected to occur more in fall in future climate compared to current climate. For example for RDO watershed (index 18), most of the low-flow events in future climate are projected to occur during the SeptemberOctober period. BEL and STM watersheds also show similar trends, though less pronounced. In future climate, early occurrence of low flows in the January-May period is clearly seen from the insets of Fig. 9 . Despite this shift, the January-May period is still satisfactory for the study of low flows. Projected changes to 10-and 30-year return levels of high flows, for the five pairs of current and future simulations are shown in Figs. 10 and 11, respectively. The results for three of the five pairs suggest increases over most part of the domain for both 10-and 30-year return levels, with the remaining two suggesting primarily negative changes mixed with positive changes at scattered grid cells. Important differences are seen between the projections based on the five pairs of CRCM simulations. An investigation of the spread among the five current and five future simulations based on the CV measure indicate that, the spread among the future members is large compared to the current members, particularly for central and southern watersheds. A preliminary investigation suggests that this could partly be due to the increased differences between the sea surface temperatures (SSTs) and sea ice cover (SIC) in the five future CRCM simulations compared to the five current climate simulations, particularly in the Hudson Bay region, which is located to the west of the study domain. An in-depth analysis is required to identify other contributing factors and is not attempted here as it is outside the scope of this article. Though ensemble-averaged projected changes to 10-and 30-year return levels are positive for most parts, significant changes are found only for a few grid cells located mainly in the northern watersheds (Figs. 10f, 11f ). This is due to the low level of agreement between the results of individual members in the sign of change for high-flow return levels.
Changes to 2-and 5-year low-flow return levels (Figs. 12, 13 ) exhibit strong agreement across members, showing increases all over the study domain (there is only a single grid-cell in the RDO watershed where a negative change is found- Figs. 12a, 13a) . Though the relative changes to low flows are high, the absolute changes are indeed small. Overall, there are only slight differences for the southern and northern parts of the domain. This agreement is expected, since the low flow is influenced by the averaged effect of spring, summer and autumn precipitation events and thereby shows less variability, whereas high flows depend on spring precipitation and Grid cells where the changes are not significant at the 5 % significance level are masked in grey melting processes and their relative timings. Compared to low-flow return levels, considerable variability in spring high flows also could explain the lack of significant changes in high-flow return levels. All the five members suggest significant changes to low-flow return levels for the entire region except few grid cells located mainly in the RDO and northern watersheds where the number of members suggesting significant changes varies between 1 and 4. Because of the good agreement between individual members, ensemble-averaged changes are also found statistically significant at the 5 % level for the entire study domain, except a few grid cells located in the RDO watershed (Figs. 12f, 13f) .
The CV plots for projected changes to high-and lowflow return levels shown in Fig. 14 indicate that greater confidence can be attributed to the changes in low-flow 
Projected changes based on merged longer samples
In order to decrease the uncertainties associated with the small sample size, we tested separately for current and future climates the hypothesis that the samples of mean annual streamflows from the five ensemble members originate from the same distribution using two multiple comparison tests discussed in the methodology, i.e. the Kruskal-Wallis test and the ranksum test combined with the FDR approach. The same analysis is performed separately for the samples of high-and low-flow extremes. The results of both tests were similar and therefore only those corresponding to the former test are shown in Fig. 15 . The p values of the Kruskal-Wallis test plotted in Fig. 15a suggest that the null hypothesis that the five samples of mean annual flows originate from the same distribution cannot be rejected at the 5 % level for majority of the grid cells. The same is the case for low-and high-flow samples. However, compared to the case of mean annual and low flows, there are more grid cells, located mainly in the central and southern parts of the study domain, where the null hypothesis does not seem to hold for high flows. Since for majority of the grid cells the null hypothesis does seem to hold for both current and future climates, projected changes in mean annual and seasonal flows and return levels of low-and high-flows are assessed using longer samples consisting of 150 values obtained by merging the 5 current simulations and similarly the 5 future simulations for each grid-cell. The results of this analysis are summarized below as for the first method. The projected changes to mean annual and seasonal flows are shown in Fig. 16 . The changes to mean annual flows are found significant at the 5 % level for the entire Table 1 . Inset shows changes to normalized frequency of occurrence from current to future climate study domain, except few grid cells located in southernmost parts of the RDO watershed. Spatial pattern of changes to winter flows is very similar to that of the mean annual flows. Compared to the results for the ensemble mean shown in Fig. 5 , significant reduction to flows is more wide spread over the southern watersheds in fall as well as in summer. For spring flows, the smaller positive increases for southern parts of the domain, which were not significant earlier, are now found significant at the 5 % level. Similar patterns of spatial changes to annual and seasonal flows were noticed using the t test.
Spatial patterns of projected changes to selected return levels of high and low flows are shown in Fig. 17 . Compared to the results shown in Figs. 10f and 11f , there is a larger number of grid cells where the increases to 10-and 30-year return levels of high flows are now found significant at the 5 % level. This is clearly the case for the northern watersheds: ARN, FEU, MEL, PYR, BAL and GRB. The increases to 2-and 5-year low-flow return levels are significant all over the study domain. Thus, this approach based on longer samples results in an increase in the number of grid cells with significant changes.
These results strongly suggest that the uncertainties due to small sample sizes could be substantial. Therefore, longer simulations appear to be much valuable to derive a robust climate change signal, not only for extreme flows but also for annual and seasonal means. In our case, the increase of the sample size from 30 to 150 seems appropriate to discriminate the climate-change signal from the noise due to smaller sample size, in addition to other factors.
Discussion and conclusions
According to the 4th Assessment Report of the IPCC (2007), increase in precipitation for some regions around the world, including the northern mid-to high-latitudes, is expected in future climate. This can directly influence characteristics of streamflows. The northeast Canadian watersheds considered in this study are particularly vulnerable to changes in streamflow patterns since 96 % of consumed electricity in the region is hydro-based. In the northern part of Quebec, which is also the focus of future development, storage power stations represent 95 % of installed capacity, while run-of-river power stations accounts for 95 % of the installed capacity in the southern parts of Quebec. Therefore, assessment of projected changes to streamflow characteristics is important to aid decision-making and identification of appropriate measures for adaptation of hydroelectric storage reservoirs in this economically important region of Canada. This paper presents an evaluation of the CRCM-simulated streamflow characteristics (mean annual and seasonal streamflows and selected return levels of high-and lowflow events) over 21 Northeastern Canadian watersheds. High flows, defined as 1-day maximum flows occurring over the March to July period (commonly known as spring floods) and low flows, defined as 15-day minimum flows occurring over the January to May period, are derived from daily streamflow values which in turn are obtained by routing CRCM-generated runoff using a modified WATROUTE scheme (Soulis et al. 2000; Poitras et al. 2011) . Projected changes to streamflow characteristics are derived using an ensemble of ten CRCM simulations, five corresponding to current 1970-1999 period and five to the A comparison of mean daily streamflow hydrographs derived from the CRCM simulation when it was driven by ERA40 data (Uppala et al. 2005) at its boundaries and those derived from observed data at selected stations shows that the shapes of the hydrographs agree overall. However, some differences are noted both in the magnitude and timing of peak flows. Overall, the model simulates Fig. 12 a-e Projected changes (in %) to 2-year return levels of 15-day low flows derived from five future and current period simulation pairs (F1-C1, F2-C2, …, F5-C5). f Ensemble averaged changes to 2-year return levels of low flows. Grid cells where the changes are not significant at the 5 % significance level are shown in grey reasonably well the magnitude of high-flow events, but it performs poorly in simulating magnitude of low-flow events. The low-flow discrepancies are attributed primarily to the coarse resolution of the soil dataset and the drainage criterion used in the model.
Future climate change projections suggest significant increases in mean annual river flows with maximum changes occurring over the northern part of the study domain. Significant decreases in fall seasonal flows are projected for southern parts of the studied region and almost same is the case for summer seasonal flows. Changes to winter flows follow closely the pattern of mean annual flows. Though increases in spring seasonal flows are also significant over most part of the domain, they are more wide spread for northern compared to southern watersheds. The magnitude of low-flow extremes is projected to increase significantly nearly for all watersheds, though the change in absolute terms is small. Compared to the case of low-flow extremes where the changes are mostly significant, changes to high-flow extremes are not generally found significant based on the ensemble-averaged approach. However, when small sample uncertainties are addressed by using merged longer samples, a number of grid cells with significant increases in high-flow return levels emerged for northern watersheds: ARN, FEU, MEL, PYR, BAL and GRB. In general, the return levels corresponding to short return periods are found significant more often compared to those corresponding to longer return periods.
From the analysis performed in this study, it can be concluded that larger number of ensemble members and/or longer simulations seems to be indispensable for deriving a robust climate-change signal as was concluded by Kendon et al. (2008) , from their analysis of a 3-member Hadley Centre RCM. In the use of a parametric approach for analysis of changes to return levels of extremes, as is the case of the current study, longer simulation periods could also decrease the uncertainties associated with the estimation of extreme value distribution parameters. In this study, the increase of the sample size from 30 to 150 values seems appropriate to discriminate the climate change signal from the noise, since the study is based on a single RCM.
To improve the confidence in projected changes to streamflows, model improvements are necessary. The land surface scheme in the CRCM simulations considered in this study used a 3-layer configuration, with a very thick third layer. To improve further the realism of the simulated soil thermal and hydrologic cycle, and therefore the simulated streamflows, it is preferable to have higher resolution for soil layers. Another aspect that can be further improved is the frozen soil formulation in the model. For example, Niu and Yang (2006) , obtained important improvements with simulated streamflows for cold regions, particularly with respect to the timing and magnitude of peak streamflow, in their study using the Community Land Fig. 14 Coefficient of variation (ratio of standard deviation to the mean absolute value based on the five ensemble members) of projected changes to selected return levels of high and low flows Model (CLM), by introducing supercooled soil water by implementing a freezing-point depression equation and by relaxing the dependence of the hydraulic properties on soil ice content by incorporating the concept of fractional impermeable area, which enhanced the permeability of frozen ground. In addition, Yuan and Liang (2011) in their study using a Conjunctive Surface-Subsurface Process model, with an explicit treatment of surface-subsurface flow interaction with the bedrock treated as an unconfined aquifer, showed improved simulation of seasonal-interannual runoff and streamflow variations and extreme events. It is expected that similar improvements to the CRCM could further improve the quality of the simulated streamflows. Since one of the main aims of the current article had been to demonstrate the need for longer simulations by considering two approaches, which included merging of samples from the same RCM, we have not considered multi-RCM ensembles in this study. However, future analysis will take into account multi-RCM ensembles, driven by multi-GCMs, to quantify various sources of uncertainties such as structural uncertainty, and those associated with the use of different GCMs as the driving data at the lateral boundaries using the NARCCAP simulations (Mearns et al. 2009 ). Such assessments are crucial to enable a risk-based approach to decision making (Kay et al. 2009 ). There is also a need for high-resolution simulations of the order of at least 10 km to better capture the surface heterogeneity and thus to better simulate streamflows to provide information required for many impact and Fig. 16 Projected changes (in %) to mean a annual and b-e seasonal streamflows. Grid cells where the changes are not significant at the 5 % significance level are shown in grey adaptation studies. It is expected that such simulations will be available in the near future.
